Heat evolved during microbial oxidation, expressed as a fraction of total energy available from each compound, was increased by monooxygenase participation. It was less for growth substrate catabolites than for their isomers.
It has been known for more than 40 years (2, 4) that when a microbial cell suspension has metabolized a substrate completely and consumption of oxygen has ceased, the measured uptake of 02 faDs far short of that calculated for combustion to carbon dioxide and water. It was proposed that only a proportion of the substrate is oxidized to completion, the remainder being "assimilated" as intracellular metabolites. Support for this explanation was obtained later when cell suspensions were treated with carefully adjusted concentrations of azide or dinitrophenol, now known to deprive the cells of energy for biosynthesis by uncoupling oxidative phosphorylation. By abolishing assimilation, uptake of 02 was raised to the values expected for complete combustion (5) .
It is probable that a culture growing under physiological conditions employs control mechanisms that provide an appropriate division of energy, released in catabolism, between heat generation and the requirements of assimilation. Our present study of factors affecting this apportionment of energy in aromatic catabolism was facilitated by use of the very sensitive microcalorimeter of Lovrien et al. (10) (7, 15) each undergo only one hydroxylation before their nuclei are cleaved by bacterial dioxygenases. The additional hydroxylations used by T. cutaneum before ring fission extend the range of stable chemical intermediates available for study. Moreover, control of enzyme derepression is not stringent in this organism, so that 2-HBA, 3-HBA, and 2,5-HBA are all readily oxidized after growth with benzoate, although these acids have no function in benzoate catabolism (1). This feature allowed us to compare the heat evolved from a catabolite with that evolved from its isomer having essentially the same heat content. We found that the heat released from isomers by cell suspensions was not the same; the amounts depended upon the metabolic status of each, even though the isomers were metabolized to completion.
Growth of T. cutaneum and preparation of suspensions of washed cells were as previously described (1). Measurement of UV light absorption, due to the presence of the benzene nucleus, confirmed that substrates were removed completely from solution. Cells were mixed with a solution of substrate in buffer in the reaction vessel of the microcalorimeter, and the resulting signal was amplified and fed to a strip chart recorder. The signal due to mixing cells with buffer, without substrate in the reference vessel, was automatically subtracted (10) . Chart traces are shown in Fig. 1 VOL. 143, 1980 required to form the catabolite from the growth substrate. For example, the sequence established (1) for T. cutaneum when metabolizing PA to its ring fission substrate (rfs) is: PA -* 3-HPA 2,5-HPA (rfs); and the ratios were, respectively, 0.566, 0.417 and 0.233. For benzoate, the sequence BA -. 4-HBA --3,4-HBA gave 0.641, 0.530, and 0.376 (reliable calorimetry for trihydroxybenzene [rfs] is precluded by auto-oxidation). For bacteria, Hr/Hc was always less, and sometimes considerably less, for the rfs than for the corresponding growth substrate, as when Pseudomonas putida was grown with phenol and then allowed to oxidize catechol. No exception to this generalization emerged during this investigation.
(ii) The second generalization is that ratios Hr/Hc are smaller for catabolites of a growth substrate than for isomers that are not. In making the following comparisons by way of illustration, ratios are in parentheses: for PA-grown T. cutaneum-catabolite 3 An apparent exception to this second generalization is provided by T. cutaneum grown at the expense of 4-HPA. The ratio Hr/Hc for 3-HPA, which is not a catabolite of 4-HPA, is slightly less than for the established intermediate 3,4-HPA (14) , and is significantly lower than for the growth substrate and isomer, 4-HPA. However (14) . The low value (Hr/Hc = 0.191) obtained for 2,5-HPA using 4-HPA-grown cells also indicates that homogentisate (2,5-HPA) dioxygenase is used for 4-HPA catabolism, as well as for PA catabolism.
About 60% of Hc for each growth substrate was released as heat (Table 1) . For each, there are three phases of catabolism: initial hydroxylations, formation of common metabolites after ring fission, and finally oxidation through the electron transport chain. Only in the second phase does carbon appear in a form that can be assimilated. In the first phase, energy is released as heat, as is exemplified by the conversion of PA into 2,5-HPA. The overall equation for this conversion is obtained by adding the following equations: (1) PA + 02= 2,5-HPA; (2) 2 NADH + 2 H + 02 = 2 NAD+ + 2 H20. For equation (2), AGo' is -105 kcal (11) . The enthalpy change may be assumed to be of similar magnitude, although provided the figure is significant and negative, the argument is not affected. From Table 1 , AH = -96 kcal for reaction (1), so that for the overall reaction, (1) plus (2), AH = -201 kcal (-841 kJ). This energy is destined to appear as heat and cannot be assimilated: NADH is committed to hydroxylation and is no longer available for oxidative phosphorylation reactions. In consequence, more heat will be released from such a growth substrate than from its catabolites. However, these calculations do not account for some large differences observed. Levels of NADH, probably compartmentalized, may be involved in regulating assimilatory processes, so that the consequences of removing NADH by hydroxylation reactions may be magnified. The second of our two generalizations emphasizes the importance of the steady state attained by metabolic regulation. When isomers were compared, less carbon was assimilated from compounds that lay outside the main route taken by the flow of carbon from the growth substrate. Our studies were made possible by using a technique that required low substrate concentrations and so caused minimal perturbation of physiological conditions established during growth.
